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Xenopus has been used as an experimental model to evaluate the contribution of adaptive cellular immunity in amphibian host
susceptibility to the emerging ranavirus FV3. Conventional histology and immunohistochemistry reveal that FV3 has a strong tropism for the
proximal tubular epithelium of the kidney and is rarely disseminated elsewhere in Xenopus hosts unless their immune defenses are impaired
or developmentally immature as in larvae. In such cases, virus is found widespread in most tissues. Adults, immunocompromised by
depletion of CD8+ T cells or by sub-lethal g-irradiation, show increased susceptibility to FV3 infection. Larvae and irradiated (but not
normal) adults can be cross-infected through water by infected adult conspecifics (irradiated or not). The natural MHC class I deficiency and
the absence of effect of anti-CD8 treatment on both larval CD8+ T cells and larval susceptibility to FV3 are consistent with an inefficient
CD8+ T cell effector function during this developmental period.
D 2004 Elsevier Inc. All rights reserved.
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Compared to well-studied mammalian systems, and
despite the rapid progress that has been made in identifying
genes involved in innate (NK-receptor genes) and adaptive
(TCR and MHC genes) immunity in all gnathostome taxa
(Du Pasquier and Flajnik, 1999), very little is known about
mechanisms of defense against viruses in ectothermic
vertebrates. Owing to the increased threat of emerging
wildlife viral diseases on global biodiversity, fundamental
research on comparative viral immunity has become crucial.
This is particularly true in regards to ranaviruses (Iridovir-
idae), which infect a wide range of ectothermic vertebrates
and are increasingly associated with amphibian disease
outbreaks worldwide (Chinchar, 2002; Cunningham et al.,0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.12.012
Abbreviations: APBS, amphibian phosphate buffered saline; FV3, frog
virus 3; MHC, major histocompatibility complex; mAb, monoclonal
antibody; MCP, major capsid protein; TCR, T-cell receptor.
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E-mail address: robert@mail.rochester.edu (J. Robert).1996; Zhang et al., 2001; Zupanovic et al., 1998; also see
our website http://lsvl.la.asu.edu/irceb/amphibians/).
We have recently (Gantress et al., 2003) established the
frog Xenopus as a useful experimental model with which to
explore anti-viral immunity in an ectothermic vertebrate.
The immune system of Xenopus, perhaps the best charac-
terized of all ectothermic vertebrates, is fundamentally
similar to that of mammals (e.g., rearranging TCR and Ig
genes, MHC class Ia- and class II-restricted T-cell recog-
nition; Du Pasquier et al., 1989). Xenopus adults resist
infection by frog virus 3 (FV3), the best-characterized
member and the type species of the ranavirus genus (Hyatt
et al., 2000). FV3 is a large (165 to 169 nm) dsDNA
icosahedral virus (reviewed in Chinchar, 2002). FV3 was
originally isolated from the native North American leopard
frog Rana pipiens, but FV3 or FV3-like viruses are now
found worldwide in different genera and species, making
them a potentially serious global threat to amphibians
(Chinchar, 2002). We have shown that adult Xenopus resist
FV3 infection whereas tadpoles are highly susceptible
(Gantress et al., 2003). Clearance of virus as measured by05) 667–675
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and behavioral symptoms of infection, accelerated viral
clearance upon a second infection and typical secondary
IgY (IgG-equivalent) anti-FV3 antibody responses, are all
consistent with anti-viral adaptive immunity.
Here, we take further advantage of our model to
investigate (1) the relevance of putative defects in the
immune defense of amphibians in the susceptibility to
emerging ranaviruses, and (2) virus-induced pathogenesis in
immunocompetent hosts.Results
Histopathology of Xenopus infected by FV3
Our previous published study (Gantress et al., 2003)
revealed that healthy Xenopus adults are resistant to high
doses of FV3 and clear the infection within 2–3 weeks. FV3
DNA was preferentially found and persisted in the kidney
up to 20 days. In addition, the symptoms of adults
succumbing to FV3 infection (e.g., edema, hemorrhages)
were consistent with impaired renal function. To obtain
more detailed information about the pathogenicity of FV3 in
Xenopus, adult tissues were collected at different time after
i.p. injection with FV3 and analyzed by conventional
histology and electron microscopy. Tissues from moribund
individuals exhibited major pathology in the kidney,
especially in the renal proximal tubular epithelium where
cells were lytically infected. On hematoxylin/eosin sections,
areas of necrosis were mainly observed in proximal tubulesFig. 1. Histology of kidney from FV3-infected adult Xenopus. (A–C) Hematoxylin
year-old adult frogs displaying symptoms of heavy infection 12 days following
glomerular area, Arrows: necrotic area. Scale bar = 100 Am (B) Glomerulus. Sc
microscopy of kidney from heavily infected adult. Scale bar = 200 Am.and leukocytes areas (Fig. 1A, arrows). Many glomeruli had
markedly expanded mesangial spaces that contained eosi-
nophilic finely granular material (Fig. 1B). This material
was neither fibrin (phosphotungstic acid hematoxylin
[PTAH]-negative) nor basement membrane (only weakly
periodic acid schiff [PAS]-positive), and therefore, was
interpreted to be necrotic cellular debris. By contrast, distal
tubules showed little damage (no extensive necrosis)
although eosin-positive material indicative of the presence
of proteins was observed (Fig. 1C). Some necrotic damage
was also observed in the liver, but it was far lesser extensive
than in the kidney.
In moribund frogs, characteristic icosahedral virus
particles were found by electron microscopy in the necrotic
areas of the kidney (Fig. 1D), and inside phagocytic cells
that resembled macrophages. Virus particles were also
found in some hepatocytes and phagocytic cells in the liver
(data not shown). Presence of FV3 DNA was confirmed by
PCR on samples of the same tissues used for microscopy.
Tissues from seemingly healthy infected frogs were also
analyzed at different time points (3 to 12 days post-
infection). No obvious damage was observed in kidney
from 3 to 6 days, whereas a few discrete necrotic regions
were observed in the proximal tubules area of the kidney
between 10 and 12 days post-infection (data not shown). We
were unable to identify virus particle in these tissues by
electron microcopy, although FV3 DNA was clearly
detected by PCR (data not shown). This suggests that in
kidneys of seemingly healthy infected animals, FV3 is not
uniformly distributed but rather is concentrated in discrete
areas that can easily be missed by electron microscopy./eosin-stained paraffin section (5 Am) of formalin-fixed kidney from 2- to 3-
an i.p. injection of 3  106 TCID50 of FV3. (A) Proximal tubules and
ale bar = 50 Am (C) Distal tubule area. Scale bar = 50 Am (D) Electron
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in the kidney we took advantage of the mAb BG11 that
recognizes the 48-kb major capsid protein of FV3 (Chinchar
et al., 1984) to monitor FV3 by immunofluorescence
microscopy on frozen sections. Tissues from moribund
infected frogs were first analyzed. Compared to isotype
controls (data not shown) or to uninfected tissues (Fig. 2A),
BG11 positively stained the kidney, liver, intestine and
spleen of FV3-infected frogs (Figs. 2G–I). The presence of
FV3 in the kidney was then monitored in frogs that
appeared healthy at different times post-infection (Figs.
2B–F). Dense bright BG11+ staining was detected in
discrete areas of the proximal epithelium as early as 3 days
post-infection (Figs. 2B, C). Staining was primarily
confined to tubular epithelial cells, although some signal
was also detected in the interstitial tissue. A positive BG11
signal remained up to 10 days post-infection (Fig. 2E) but
the size of the discrete area where the virus had accumulated
was diminished in size. Unlike frogs that succumbed to the
infection, no consistent BG11 signal was detected in liver,
intestine, and spleen of resistant animals. Five weeks (d35)
after infection, no positive staining with BG11 was detected
in the kidney of resistant animals (Fig. 2F).
From these results, we conclude that in Xenopus, FV3
targets the renal proximal tubular epithelium, and that in
healthy immunocompetent hosts, virus accumulationFig. 2. Immunohistology of tissues from FV3-infected Xenopus. (A–F) Adult a
Immunofluorescence microscopy of frozen kidney sections was performed at differ
viral MCP followed by a FITC-conjugated goat anti-mouse Ab (3). (G–I) Tissue s
Scale bar = 50 Am.remains in discrete locations that rapidly decrease in size
by 2-week post-infection. In addition, spreading of FV3 to
other tissue appears to occur only in the terminal phase of
the disease (i.e., when the host dies from the infection).
Susceptibility of immunocompromised adult Xenopus
Our previous study (Gantress et al., 2003) provided some
evidence of the involvement of adaptive immune responses
against FV3 (e.g., more rapid disappearance of symptoms
upon second infection and a thymus-dependent antibody
response). To evaluate how critical the adaptive immune
response is in dealing with FV3, we examined the course of
FV3 infection in immunosuppressed animals. To this end,
we used sublethal g-irradiation whose effect on T cell
immunity in Xenopus (e.g., thymocyte depletion, impaired
skin allografts, and tumor rejection; Hsu et al., 1983; Rau et
al., 2001; Robert and Cohen, 1998; Robert and Du Pasquier,
1997; Robert et al., 1995; Russ and Horton, 1987) is well
documented. Although irradiation causes other damage in
the skin and intestinal epithelia, host defenses are not
completely abrogated since irradiated frogs do not need to
be raised in a germ-free environment to survive.
Infection by i.p. injection of FV3 to adults 1 day after
they received a relatively low dose (for Xenopus) of
g-irradiation (9 Gy) resulted in a dramatic increase ofnimals (2–3 years old) were injected i.p. with 1  106 TCID50 of FV3.
ent times post-infection (d0 to d35) with the mAb BG11 that recognizes the
ections from heavily infected adult: (G) Liver, (H) Intestine and (I) spleen.
Table 2
Water-borne transmission of FV3 infection
Groups Treatment No. dead/no. in group
30 days post-infection
Experiment 1 Experiment 2
1 Non-irradiated
infected adults
1/6 1/6
Non-irradiated
uninfected adults
0/6 0/6
Uninfected tadpoles 0/5 0/11
2 Irradiated infected
adults
4/6 5/6
Irradiated uninfected
adults
4/6 1/6
Uninfected tadpoles 5/5 6/11
Group 1: six adults infected i.p. injection of 5  106 TCID50 were co-
housed in the same tank with 6 uninfected adult and 11 pre-metamorphic
larvae (st 56).
Group 2: 6 irradiated (9 Gy) adults were infected 1 days later and co-housed
with 6 irradiated (uninfected) adults and 11 larvae.
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All animals died within 2–3 weeks with extensive edema
and hemorrhage, and large amounts of virus DNA were
detected by PCR in kidney, liver, and intestine.
We conclude that resistance of adult Xenopus to FV3
critically depends on optimal adaptive immunity. In
addition, g-irradiation proves to be a convenient and reliable
approach to further model, in the laboratory, the contribu-
tion of immunocompromised hosts to the dissemination of
ranaviral diseases.
Viral shedding and infectivity
The salamander Ambystoma tigrinum can be infected
with ATV, a close relative of FV3, by rearing them in water
with ATV-infected conspecifics (Jancovich et al., 2001). Our
attempts to infect healthy immunocompetent Xenopus adults
with FV3 by rearing them in water with FV3-infected
animals were unsuccessful (no obvious symptoms of
infection or lethality detected in healthy frogs co-housed
for 2 months with congenics inoculated with 1  107
TCID50 of FV3). This result is consistent with the
hypothesis that, unlike Ambystoma, Xenopus is relatively
resistant to water-born transmission of FV3. We then asked
if Xenopus that had been immunocompromised by sublethal
g-irradiation could be infected via virus shed into the water
in which they live. Irradiated frogs were co-housed with
frogs either infected by i.p. injection after sublethal
irradiation, or infected without irradiation (identified by a
tattoo). We also added a group of tadpoles that are more
susceptible than adults to FV3. In several experiments
(Table 2), transmission of lethal infection and FV3 DNA
(detected by PCR) from irradiated frogs infected with FV3
to non-infected irradiated adults as well as to non-irradiated
tadpoles was observed. By contrast, no cross-infection was
obtained when non-irradiated adults or tadpoles were reared
with infected but non-irradiated frogs.
To further determine the susceptibility of irradiated frogs
to FV3 infection transmitted via water and whether healthy
infected frogs are able to transmit the virus, we performed a
more extensive experiment in which groups of 10 adults and
10 larvae were co-housed in each of four tanks (Fig. 3A).
The presence of FV3 in water samples obtained at different
time post-infection was monitored by PCR. Again, the
results clearly showed that immunocompromised (irradi-
ated) frogs infected by FV3 release detectable amount ofTable 1
Susceptibility of g-irradiated adult Xenopus to FV3
Treatment No. dead/no. in group
30 days post-infection
Infected adults 1/15
Irradiated adults 1/15
Infected irradiated adults 15/15
Irradiation (9 Gy) was performed 1 day prior infection by i.p. injection of
5  106 TCID50.FV3 into the water (Fig. 3B) and transmit the infection to
other immunocompromised frogs as well as to untreated
larvae (Fig. 3A). In confirmation to our previous attempts to
cross-infect healthy adults, immunocompetent frogs co-
housed with immunocompromised frogs (Fig. 3A, group 3)
did not shown sign of cross-infection (no viral DNA was
detected in the individual that died 3 days post-infection). In
addition, seemingly healthy infected frogs also release virus
particles into the water, albeit to a lesser extent and for a
shorter period of time than irradiated animals (Fig. 3B),
thereby transmitting disease to immunocompromised but
not immunocompetent frogs (Fig. 3A, group 2). Interest-
ingly, there was an incubation time of about 5 to 6 days
post-infection before the irradiated adults in groups 3 and 4
started to succumb. Similarly, death of uninfected irradiated
adults in group 4 occurred after a delay of 5 to 6 days,
whereas larvae in both groups 3 and 4 died without such
delay. This strongly suggests that in adults some innate type
of anti-viral defense was not impaired by irradiation and that
if innate defense are operative in larvae, they are ineffective
against FV3. These data also suggest that in the wild, virally
resistant adults may be contributing in the dissemination of
the viral disease to environmentally-immunocompromised
conspecifics, or even to other susceptible amphibian
species.
CD8+ T cell depletion
We next determined whether, as in mammals, a CD8+ T
cell response is involved in clearing infectious virus. To this
end, we used an in vivo antibody treatment protocol that
effectively depletes CD8+ T cells as determined by flow
cytometry and functional assays (Rau et al., 2001). Adult
frogs were infected by i.p. injection of FV3 1 day after they
were injected with anti-CD8 mAbs or an isotype-control
antibody (X71). Anti-CD8 mAb treatment markedly
Fig. 3. Cross-infection experiment. (A) Four groups containing two sets of 10 adults and 10 larvae were co-housed in four 100  50  50 cm tanks containing
100 L of water. Infected adults (irradiated [9 Gy] or not 1 day prior infection) were mixed with uninfected ones (irradiated or not) as well as with pre-
metamorphic tadpoles (stage 55–56). Tattoos were used to distinguish mixed adults that received different treatments, and tadpoles were isolated from adults by
a mesh screen. The number of surviving animals each day for 1 month is shown. Statistical significance was tested by a Student’s t test using as data sets, the
days of survival for each animals, 30 days being the maximal value. Difference in survival was significant between larvae of group 1 and groups 2, 3, 4,
respectively ( P = 0.08; 0.004; 0.0002). Difference in survival was significant between non-irradiated infected frogs of group 1 and irradiated frogs of group 2
( P = 0.002), group 3 ( P = 0.000007), group 4 (0.00005; 0.0037). (B) Detection of FV3 in the tank water of groups 1, 2, 3, 4 at days 1, 3, and 7 post-infection
by PCR (40 cycles, 1 Al of water) using primers specific to FV3 (MCP4 and MCP5). C1: negative control without DNA template, C2: positive control using a
plasmid containing a MCp cDNA as template.
J. Robert et al. / Virology 332 (2005) 667–675 671increased the susceptibility of adult frogs to FV3 infection
(Fig. 4A1). Most frogs died within 2–3 weeks with
extensive edema and hemorrhage, and a large amount of
viral DNA was detectable by PCR in kidney, liver and
intestine. No significant mortality resulted when, either
APBS, an isotype-control antibody, or an anti-IgM mAbs
were used. To better target CD8 T cell effectors and to rule
out the possible effect of anti-CD8 mAb on other cells types
including some NK cells and dendritic cells that are
involved early in immune response, and that in mammals,
express CD8 molecules (Vremec et al., 2000), anti-CD8
mAb treatment was performed several days after infection.
As shown in Fig. 4A2, CD8+ T cell depletion 6 days after
infection resulted in a marked increase in mortality
compared to control injected with isotype control antibody.
We have previously shown that tadpoles are considerably
more susceptible to FV3 infection than adults (Gantress et
al., 2003). Although MHC class I is not expressed in the
larval thymus and other tissues until metamorphosis,
tadpoles do have CD8+T cells. It is still unclear, however,
whether in absence of MHC class I presentation and
education, these CD8+T cells are involved in cytotoxic
responses. Not only did antibody treatment of tadpoles with
anti-CD8 mAb fail to deplete CD8 T cells (Fig. 4), but it did
not increase the susceptibility of larvae to infection.Discussion
A knowledge of amphibian host defenses and those
natural and anthropogenic environmental factors (e.g.,
UVB, pollutants) that may compromise them, are key to
understanding the etiology and control of emerging
ranaviral diseases. The experimental animal model we
have established in Xenopus (Gantress et al., 2003) is
instrumental for acquiring the necessary basic knowledge
about amphibian anti-viral immune defenses and deter-
mining how their impairment might contribute to the
expansion of viral diseases. The data presented here
clearly show that resistance of adult Xenopus to FV3
infection critically depends on a fully mature and
optimally functioning adaptive immune system that
involves CD8 T cells.
Tropism of FV3 in the kidney
Observations in the wild (Daszak et al., 1999; Green et al.,
2001) and experimental studies with highly susceptible
amphibian species (Hyatt et al., 1998; Tweedell and Granoff,
1968; Wolf et al., 1968) suggest that ranaviruses such as FV3
are highly virulent and cause systemic infections after a short
incubation period. During these acute infections, the virus
Fig. 4. Effect of in vivo anti-CD8 mAb treatment on host susceptibility to FV3 infection. (A) Adult frogs were injected i.p. with 200 Al of isotype control (thick
line) or 10 diluted ascites of anti-CD8 (AM22, line with diamond), 1 day prior (1) or 6 days (2) after infection with FV3 (1  105 TCID50). Larvae (stage 58)
were injected i.p. with 10 Al of either isotype control (thick line) or anti-CD8 mAb (line with diamonds) 24 h before injection of FV3 (10 Al, 104 TCID50).
Dashed line: uninfected larvae injected with 10 Al APBS. The number of surviving animals each day for 20 (adults) and 50 (larvae) days is shown. (B) Flow
cytometry analysis of splenocytes from adult and larval Xenopus injected with 10 Al of either APBS (thick line) or anti-CD8 mAb (thick line) 24 h before assay.
Spleen lymphocytes were collected and analyzed by flow cytometry (FACSCalibur) for surface expression of CD8 (AM22) and CD5 (2B1) markers. 10,000
events were collected and dead cells stained by propidium iodide were gated out. Cells to the right of dashed line are positive populations.
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rhage in skeletal muscles (Daszak et al., 1999; Green et al.,
2001; Hyatt et al., 1998). Data on viral pathogenesis in more
resistant amphibian species are scarce, and those obtained
from animals in the wild are complicated by secondary
bacterial infections (Cunningham et al., 1996; Jancovich et
al., 1997). Our previous studies in Xenopus (Gantress et al.,
2003) showed that FV3 is found preferentially in the kidney
where it persists for the longest time. Here, we present further
histological evidence that, at least in Xenopus, FV3 has a
strong tropism for the kidney, specifically the proximal
tubular epithelium. Immunohistology supports our PCR data
that in healthy immunocompetent adults, FV3 is barely
detectable in other tissues unless the immune system is
impaired or weakened. In such cases, acute systemic spread-
ing of the virus to most organs in the viscera cavity occurs.
However, our data suggest that at least in Xenopus, the
proximal kidney tubules remain the main target of FV3where
it causes extensive necrosis. It is noteworthy that in many
cases, animals die with a striking edema indicative of renal
dysfunction.A mature and intact adaptive immune system is a critical
determinant of Xenopus susceptibility to FV3
By and large, information concerning defense mecha-
nisms against viruses comes from mammalian species
(reviewed in Burton, 2002; Guidotti and Chisari, 2001).
Innate immunity is important during the early course of
infection. It includes the production of type I interferons that
inhibit virus replication by blocking protein synthesis in
virus-infected cells and by enhancing NK cell-mediated
cytotoxicity. Antibodies also play a role at the onset of
infection by promoting antibody-dependent cell-mediated
cytotoxicity. However, the clearance of an established viral
infection, at least in mammals, typically and critically
depends on a specific adaptive response mediated by CTLs
that recognize and lyse-infected cells that express surface
MHC class I molecules complexed with viral antigenic
peptides (Doherty et al., 1992). We show here that CD8+ T
cell depletion drastically impairs resistance of adult Xen-
opus to FV3. Depletion is still effective when performed 1
week post-infection; this rules out the possible effect of anti-
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dendritic cells that in mammals express CD8 molecules
(Vremec et al., 2000). The effect of CD8 depletion is also
consistent with our recent preliminary time-course flow
cytometric analyses of peripheral blood leukocytes (PBL)
and splenocytes from infected adult animals that reveal a
significant increase in the number of lymphocytes, espe-
cially CD8+ T cells, around 10–12 days after infection
(Morales and Robert, unpublished).
The importance of efficient mature CD8+ T cells in anti-
FV3 immunity is also underscored by the fact that naturally
MHC class I-deficient tadpoles (Flajnik et al., 1987) are
highly susceptible to FV3 infection even when the virus is
transmitted through water. Although a fraction of spleen
lymphocytes in larvae display features of bona fide CD8+ T
cells (e.g., they express the Xenopus pan-T cell surface
marker CD5, [Ju¨rgens et al., 1995], fully rearranged TCRh
transcripts [Robert unpublished results], and are not
detected in thymectomized larvae [reviewed in Horton et
al., 1998]), their education, MHC restriction and cytotoxic
capacity in the absence of MHC class I, is presently
unknown. We show here that unlike adults, larval CD8+
T-lymphocytes are still detected in the spleen following anti-
CD8 mAb treatment, and that anti-CD8 treatment does not
result in any detectable effect on larval susceptibility to FV3
infection. In adults, following the injection of the anti-CD8
mAb AM22, CD8 T-cells become undetectable by flow
cytometry (both surface and intracellular staining) and
immunohistology in the spleen, peripheral blood, and
intestine, from days 1 to 7 (Rau et al., 2001). This is in
sharp contrast with larvae where anti-CD8 treatment does
not affect splenocyte CD8 surface expression or CD8+ T-cell
occurrence in the spleen. The reason for such a difference is
currently unknown. Nevertheless, it is tempting to speculate
that the high susceptibility of larvae to viral infection
results, at least in part, from inefficient CD8+ T cell effector
function possibly due to ineffective thymic positive selec-
tion in absence of class I and/or a poor antigen presentation.
The increased susceptibility of adult Xenopus following
sub-lethal g-irradiation provides additional evidence for the
importance of adaptive cellular immunity in resistance to
FV3 infection. Sublethal g-irradiation mainly affects the
adaptive immune system of mammals (Genovesi and Peters,
1987; Sechler et al., 1999). In Xenopus, g-sublethal
irradiation induces thymocyte depletion and impairs T cell
responses to skin allografts (Hsu et al., 1983, Russ and
Horton, 1987) and transplanted tumors (Rau et al., 2001;
Robert and Cohen, 1998; Robert et al., 1995). Although
irradiation causes other damage, host defenses are not
completely abrogated since irradiated frogs do not need to
be raised in a germ-free environment to survive. The
convenience (easy to dose) and already existing information
related to its effect on immunity, allowed us to use
irradiation to explore, in a laboratory setting, the importance
of environmentally-associated immunomodulation. Envi-
ronmental chemicals (e.g., pesticides, dioxin, endocrinedisruptors), physical factors (e.g., UV light), and behavioral
stressors have well-documented inhibitory effects on the
vertebrate immune system, and in this regard amphibians
can be considered as sentinel species.
Our data suggest that immunocompetent resistant adults
may carry and release enough virus into their aquatic
environment to infect conspecific individuals with a
weakened or developmentally immature immune system
and possibly other susceptible amphibian species. Trans-
specific cross-infection through water is a factor of
dissemination whose contribution to emerging ranaviral
diseases will need to be considered owing to their low host
specificity (e.g., FV3 and Bohle virus can infect various
amphibian and fish species; Chinchar, 2002; Daszak et al.,
1999) and their ability to survive for long periods of time at
the bottom of ponds (e.g., in nature, ATV survives during
the winter and in the laboratory, it remain infectious at 25C
in water for up to 2 weeks; Jancovich et al., 1997). The
possible dissemination of ranaviral diseases by resistant host
carriers is a serious threat. Xenopus are commercially bred
on a large scale for research and as pets, and as a result of
their release (accidental or otherwise), they are now found
widely distributed in many places in the world. Whether
Xenopus constitutes a natural reservoir for ranaviral
diseases, therefore, merits further evaluation.Materials and methods
Animals virus production and infection
Outbred Xenopus were purchased from Xenopus I (OB;
Dexter, MI). Developmental staging was according to
(Nieuwkoop and Faber, 1967). The A6 fibroblast line
(Rafferty, 1969) was maintained as described by Robert and
Du Pasquier (1997). FV3 (provided by Dr. V.G. Chinchar)
was produced at high titer by infecting the A6 kidney cell line
according to a published protocol (20). Viral titer was
determined on A6 cells by using a 50% endpoint method
(TCID50; 32). Adult Xenopus (2–3 years old) were injected
i.p. with 200 Al of the diluted FV3 prepared in sterile APBS.
Anesthetized (0.1% tricaine methansulfonate-MS222) tad-
poles at pre-metamorphic stages (~1 month post-fertilization)
were injected i.p. with 5 to 10 Al using a pulled Pasteur pipette
attached to rubber tubing.
FV3 PCR assay
50 ng of genomic DNA extracted from different tissues
with DNAzol reagent (Invitrogen) were amplified by 35
cycles (45 s denaturation at 95 8C, 45 s annealing at 52 8C,
and 45 s extension at 72 8C ) and analyzed on a 1% agarose
gel stained with ethidium bromide. Primers specific for
FV3: forward primer 5V-GTCTCTGGAGAAGAAGAA-3’;
reverse primer 5V-GAC TTGGCCACTTATGAC-3V (Mao et
al., 1996).
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Adult frogs (2 years old) were sublethally irradiated
(9 Gy) with a cobalt source 1 day prior to infection with
FV3 (1  106 TCID50). CD8 T cell depletion was
performed on days 1 or 6 after FV3 infection by i.p.
injection of 100 Ag (0.2 ml volume) of anti-CD8 AM22
mAb (Rau et al., 2001). The isotype-matched X71 mAb
served as a control.
Histology
Frozen 5-Am sections of kidney tissues (embedded in
O.C.T.; Miles) were fixed for 30 s in acetone and then
incubated in a humidified chamber for 30 min first with 1%
normal Xenopus serum + 2% bovine serum albumin (BSA) +
0.05% Tween in amphibian PBS (APBS), and then over-
night at 4C with an anti-FV3 major capsid protein (MCP)
mAb (BG11; Chinchar et al., 1984). After the slides were
washed with 2% BSA + 0.05% Tween in APBS, they were
incubated with FITC-conjugated goat anti-mouse Ig (South-
ern Biotech) that had been adsorbed twice on Xenopus
erythrocytes (Robert and Du Pasquier, 1997), washed, and
mounted. The isotype-matched X71 mAb served as a
negative control.Acknowledgments
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